This paper presents a parsimonious review on the definitions, classifications, objectives, constraints, network topology decision variables, and solution methods of the Urban Transportation Network Design Problem (UTNDP), which includes both the Road Network Design Problem (RNDP) and the Public Transit Network Design Problem (PTNDP). The current trend and gap in each class of the problem are discussed and future directions in terms of both modeling and solution approaches are given. This review intends to give a bigger picture of transportation network design problems, allow comparisons of formulation approaches and solution methods of different problems in various classes of UTNDP, and encourage crossfertilization between the RNDP and PTNDP research.
first one.
3. UTNDP deals with a complete hierarchy of decision making processes in transportation planning, and includes strategic, tactical and operational decisions (Magnanti and Wong, 1984) . Strategic decisions are long-term decisions related to the infrastructures of transportation networks including both transit and road networks; tactical decisions are those for the effective utilization of infrastructures and resources of existing urban transportation networks, and operational decisions are short-term decisions, which are mostly related to traffic flow control, demand management or scheduling problems. Figure 1 gives examples of strategic, tactical and operational decisions in UTNDP. The shaded items are related to network topology. This definition has the widest scope among the three since it includes the management aspect on the tactical and operational levels in addition to the planning aspect on the strategic level.
Figure 1. Examples of Decisions in UTNDP
In order to create a comprehensive and integrated collection of classifications under a single umbrella, this paper adopts the third definition to define UTNDP, but mainly limits itself to the decisions specified in the second definition -the decision related to network topology. Actually, we believe that this definition encompasses both the (PTNDSP) in which the term public will be omitted in the rest of paper for the sake of brevity, that determines the optimal transit routes, frequencies, and time-tables, because transport networks include both transit and road networks. In addition, we believe that this definition includes two big classes of UTNDP: 1) the problem of developing a new network via adding links, which is related to strategic decisions and 2) the problem of improving or managing the current network, which is related to the tactical and operation decisions.
Road Network Design Problem (RNDP) and the Public Transit Network Design and Scheduling Problem

General Framework of UTNDP
UTNDP differs from network design problems in other disciplines such as telecommunication because the reaction of travelers has to be taken into account when designing a transportation network. Moreover, designing the network is associated with certain transport policy. Regarding to these two facts, analyzing and modeling in UTNDP involves two issues: (1), policy making for the network improvement, and (2) predicting the network user behaviors in response to the formulated design policies. The rest of this section will discuss the problem from the mentioned aspects.
General Mathematical Model for UTNDP
The problem is usually formulated as a bi-level problem or a leader-follower problem. The upper level problem is the leader's problem, the design problem, or the problem of the decision maker, (e.g., the government), who plans or manages the transport network. This upper level problem is related to the policy discussion in practice and includes the measurable goal (e.g., reducing total travel time), restrictions (e.g., political, physical, and environmental constraints) and the design decisions to be made (e.g., new roads to be built 
Strategic Tactical Operational
problem assumes that the leader can predict the behavior of the travelers. The lower level problem is the followers' problem or the problem of travelers who decide whether to travel, and if so, their travel modes and routes. The bilevel structure allows the decision maker to consider the reaction of the travelers and improve the network to influence the travel choice of travelers but has no direct control on their choice. This structure does not allow the travelers to predict the decision of the leader, but only allows them to determine their choice after knowing the decision of the leader. Mathematically, the problem can be represented as follows:
where v(u) is implicitly determined by:
s.t.
considers street networks and does not distinguish the flow of public transit vehicles and other private vehicles.
RNDP usually supposes all traffic flows as homogenous. Based on the nature of the decisions considered, RNDP can be further classified in three groups: (1) Discrete Network Design Problem (DNDP), which only deals with discrete design decisions such as constructing new roads, adding new lanes, determining the directions of one-way streets, and determining the turning restrictions at intersections, (2) Continuous Network Design Problem (CNDP), which is only concerned with continuous design decisions such as expanding capacity of streets, scheduling traffic lights, and determining tolls for some specific streets, and (3) Mixed Network Design Problem (MNDP), which contains a combination of continuous and discrete decisions. If the demand, land-use, or network changes over the planning horizon are also considered, RNDP can also be further classified into DNDP-T, CNDP-T, and MNDP-T, which are respectively the time-dependent extensions of DNDP, CNDP and MNDP.
TNDSP mainly considers topology of the public transit networks, as well as service frequency and time-table.
The problem can be classified five types based on the decisions addressed: Nearly all RNDP studies deal with improvements in the existing road networks, as most decision variables are related to the manipulation of the existing network. Moreover, new city constructions rarely occur in the real world.
In contrast, TNDSP studies (especially those with topological decisions) mostly deal with new transit network configurations, or complete reconfiguration of the existing transit networks. A common characteristic of RNDP and TNDSP is that they consider only single mode (i.e., private or public transit mode), and also are often limited to the network for the mode studied (i.e., focus on single tier or level network).
In reality, there are multiple modes and their demands are interrelated. The Multi-Modal Network Design Problem (MMNDP) can be a suitable title for another category, which encompasses at least two different modes for UTNDP. Traffic flow in MMNDP can cover automobiles, taxis, vans, buses, bicycles, motorcycles, metro, etc. The special case of MMNDP is the Bi-Modal Network Design Problem (BMNDP), which considers only two modes.
Decisions considered in MMNDP can be decisions of a single mode (i.e. road, transit, etc.), or combinations of various decision for the modes under focus. In fact, the multimodal problem arises when at least two modes are considered and simulated even if design decisions are related only one of the modes.. The multi-modality in urban transportation networks is captured in several forms in the literature: problems with mode related topographic decisions, the effects of decisions of one mode on the other are addressed. For example, in an automobile-bus mode problem, converting a two-way street into a one-way street will affect the bus route on that street. MMNDPs usually consider multi-level or multi-tier networks in which the road network and different public transit networks are considered to be sub-networks of the urban transportation networks. Another dimension of
MMNDPs is the number of modes involved in travelling between two points. There are two cases in this dimension.
First, travelers can only choose a one mode, and second, travelers can choose a combination of modes to finish their trips and the number of modes involved is greater than one. In the latter, the trips are called combined-mode trips. One example is that a traveler drives to the metro station and then takes a metro to his/her destination.
Classification of Lower Level Problems in UTNDP
The lower level problem has different forms, depending on the choice dimensions considered and the assumptions for the travelers used. The lower level problems in the road network category are different from those of transit network category. The road network problems deal with vehicles as flow units, but transit network problems consider passengers as flow units. The former allocates the vehicle flows to road networks under a specific transport policy scenario, while the latter allocates the passengers to the public transit vehicles after considering a fixed flow of public transit vehicles resulted from the specific transit design scenario.
The most prevalent form of the lower level problem considers the route choice of the users, which is called the trip assignment problem. This common form of problem occurs when single mode is under focus in pure road or transit network design problem. The problem determines the flow pattern of the transportation network for a network design scenario. Since there are two types of networks, namely road networks and transit networks, there are two types of trip assignment, namely traffic assignment and transit assignment, for determining the flow patterns in road and transit networks respectively. Trip assignment usually assumes some sort of behavior principles to depict the route choice behavior. The traditional one is Wardrop's (1952) principle, which states that the traveler selects the shortest route. This principle assumes that all travelers are non-cooperative and know the actual travel time for each route. This principle can be easily extended to consider toll, parking cost and excess time cost. The resulting flow pattern is called the user-equilibrium (UE) pattern, which is the pattern such that no travelers have incentive to switch to other routes. If they switched routes, their travel time would be higher. This assignment is called UE assignment. The extension of UE assignment is the stochastic user equilibrium (SUE) assignment (Daganzo and Sheffi, 1977) , which assumes that travelers select routes based on perceived travel time.
This equilibrium assumes that travelers may not know the travel time precisely. Opposite to the UE assumption, if the travelers are assumed to behave cooperatively, the resulting assignment is called system optimal (SO) assignment.
In all the above traffic assignment problems, congestion effect is normally considered (i.e. the travel costs do depend on the traffic flows) but in some cases, the congestion effect is ignored. This leads to congested and uncongested assignment respectively. In particular, if the congestion effect is ignored and UE is assumed, the conventional UE traffic assignment becomes all-or-nothing (AON) assignment in which all the demand is assigned to the shortest route. Moreover, if SUE is assumed instead, the stochastic assignment problem, which is called stochastic uncongested assignment. The transit assignment problem can also be divided into categories of congested and uncongested transit assignment problems. In uncongested transit assignment, no passenger capacity is considered for transit vehicles. The congested transit assignment considers the transit passenger capacity restrictions. In both problems, different criteria and different passenger behaviors are assumed for this problem, which leads to various approaches of allocation of passenger demands to transit paths. Similar to trip assignment, stochastic version exists for both categories of transit assignment. On the other hand, the lower level problem can allow the users to have more than one travel choice other than route choice. In such case, if both destination and route choices are considered, it becomes the trip distributionassignment problem. In multi-modal problems, the lower level problem has to tackle with more than one travel mode. If both mode choice and route choice are considered, the problem becomes the modal split-traffic assignment problem. If all destination, mode, and route choices as well as the choice of whether to travel or not are incorporated, the lower level problem becomes the combined travel choice problem. Depending on the model assumption, users may select different travel choices sequentially or simultaneously.
In the above problems, demand (for each mode) between each origin-destination (OD) pair can be fixed or elastic, based on the assumptions of the main model. Basically, it is called fixed demand when the demand for the mode considered is unchanged. When the demand for travel is dependent on various factors such as travel time of the mode considered or other system performance attributes, it is called elastic demand. Elastic demand can be found in two forms; first when the demand between each OD pair is variable (i.e., simple elasticity is considered), and second when the total demand between each OD pair is fixed but the share of each mode for the total demand is variable. The first case is defined for circumstances that travelers decide to give up their travel when the travel cost is too high or they change their destination, but the second case is for circumstances that travelers only decide to change their mode of travel. Moreover, the second case is often found in MMNDP where the total demand is divided between various modes of travel. Nevertheless, these lower level problems implicitly consider more than one travel choice.
Specific Urban Transportation Network Design Problems (UTNDP)
Tables 1-6 summarize the problems studied and solution methods used in each publication. In the following sections, the specific problem being studied in each class of UTNDP is reviewed. Section 3.1 focuses on RNDP.
Section 3.2 focuses on TNDP and TNDFSP. Section 3.3 focuses on MMNDP. Section 4 focuses on the solution method. For each class of the problems, the literature is presented in tables which summarize the problem attributes discussed in the current section, and the solution methods addressed in Section 4.
capacity constraint and cycle time constraint: The capacity constraint is included in the upper level problem for preventing the street flow to exceed the street capacity. This constraint is not necessary when the traffic assignment problem has considered capacity constraints. The cycle time constraint is used to ensure that the sum of green times and all loss times for all approaches equals cycle time.
Studies of Continuous Network Design Problem (CNDP)
The studies on CNDP are summarized in Table 1 . They are categorized based on objectives used, number of objectives, travel demand (fixed or elastic), traffic assignments, decisions, and solution methods involved. As reflected in Table 1 , a significant body of RNDP research has focused on CNDP. One reason for this may be the continuousness of variables, which allows many different modeling approaches and solution methodologies as shown in Table 1 . Wang and Lo (2010) In terms of objectives and decisions, travel time related objectives and street capacity expansion have been received most attention. Capacity decisions are supposed to be continuous. Some studies also consider both the link capacity decision with the decisions on road tolls (e.g., Yang, 1997) and traffic lights (e.g., Ziyou and Yifan, 2002 and Chiou, 2008) simultaneously.
Table 1 also shows that most studies on CNDP assume fixed demand (denoted by F). However, some studies (e.g., Yang, 1997) consider elastic demand (denoted by E). Moreover, most studies only have single objective (denoted by S) and limited studies consider multi-objective (denoted by M). Multi-objective problems are all handled by the weighted sum approach (denoted by W). Furthermore, most studies focus on DUE traffic assignment and total travel time.
Studies of Discrete and Mixed Network Design Problems (DNDP and MNDP)
A summary of DNDP studies is given in Table 2 . The body of DNDP literature is somehow smaller than that of CNDP, probably because of the complexity resulted from the presence of discrete variables. These DNDP studies have been investigated in three distinct groups. The first group of studies is similar to the classical literature of CNDP in the sense that they focus on strategic decisions such as constructing new streets, or increasing the capacity of existing streets as the yes-no type decisions. The second group of studies considers the tactical decisions such as determining the orientation of one-way streets, allocating lanes in two-way streets, and changing some two-way streets into one-way streets. The last group considers both strategic and tactical decisions.
Compared with CNDP, additional objectives such as minimizing the sum of total network cost and total flow entropy (where the entropy of the link flow provides a measure of flow balance of the link: the larger the flow entropy is, the more unsymmetrical flow is), and minimizing total travel distance have been considered. However, maximizing consumer surplus, which is used in the elastic demand case, has not been considered. Moreover, the problem considered so far has only one objective with fixed demand. Some work can be done for the multiobjective or elastic demand case. Miandoabchi and Farahani (2010) A review of the studies of MNDP is shown in Table 3 . As shown from this table, these studies involve decisions that are combinations of those in CNDP and DNDP. More importantly, only a few studies in this field have been accomplished in the recent decade. It seems that a lot of work can be done in this area (for example, considering lane allocations in two-way streets or considering multiple objectives with environmental concerns). Gallo et al. (2010) 
Time-dependent Studies of Road Network Design Problem (RNDP)
Because demand and land use are changing over time, the consideration on the planning horizon is important to be considered in the strategic decision making. However, there are only a few time-dependent studies of the RNDP, which can be classified into two groups, namely the time-dependent Continuous and Discrete Network Design Problems (referred to as CNDP-T and DNDP-T respectively) as shown in Table 4 . Szeto (2007) All these groups deal with determining the sequence of the decisions to be made within the modeling horizon.
Their bi-level models can be viewed as an extension of the bi-level network design model (1)- (4) and time indices appear in the resulting model as shown below:
...
where v t (u t ) is implicitly determined by: 
Studies of Transit Network Design Problems and Transit Network Design and Frequency Setting
Problems (TNDP and TNDFSP) Usually, the main inputs to TNDP include (1) the network of available infrastructure, which might consist of the urban road network (with or without dedicated facilities such as bus stops), rail structures (e.g. tramways) and (2) the estimated travel demand. Depending to the type of problem, TNDPs may include various combinations of inputs such as (3) the available budget, (4) capacity of buses, (5) maximum or desired number of bus lines, (6) set of predefined possible bus lines, (7) maximum and minimum allowable round trip time of bus lines, (8) frequency of bus lines, (9) maximum number of bus stops, (10) minimum coverage area by the bus network as the percentage of demand that can be served, (11) maximum number of transfers, etc. For TNDFSP, additional information is required such as fleet size, and the minimum service frequency, etc.
As stated in Guihaire and Hao (2008) , the typical considerations for TNDP are normally the following: (1) dependency on the existing routes, (2) area coverage, (3) route and trip directness, (4) demand satisfaction, (5) the number of lines or total length of routes, and (6) the overall shape of the network. For TNDSFP, additional considerations such as the number of runs and frequency bounds for each line are usually included. Depending on the decision maker's policy for transit networks, these considerations can be reflected in constraints or objective functions by setting a bound for the measure or optimizing the measure respectively. For example, route length can appear in the objective function (e.g., Barra et al., 2007) and route constraints (e.g., Szeto and Wu, 2011) . For the former, the total route length is minimized whereas for the latter, the route length of each transit line cannot be exceeded by a user-predetermined value.
Regarding to numerous studies in TNDFSP and TNDP, a summary are presented in Table 5 . The studies in these two fields are very diverse and different in terms of objectives, the constraints, and the solution methods used. The problems are usually approached by multiple criteria to consider the public sector's, line operators' and the users' interests but normally a weighted sum objective function is eventually used. Also, most of them assume a very simplified passenger behavior that leads to a single-level optimization problem.
In most of the existing bus network design problems, any flows on the road network other than buses such as cars, taxis, and bicycles were generally ignored, and hence the interactions between these flows and bus flows were not taken into account. 
Studies of the Multi-Modal Network Design Problem (MMNDP)
A summary of the studies of MMNDP is mentioned in Table 6 . The lower-level problem of these studies is formulated as the modal split-traffic assignment problem to capture the interaction of the demand between modes.
As we can see, these studies can be divided into two groups. The first group covers the studies in allocating exclusive lanes to specific transportation modes. There are few works in this group, in which most of them analyze some restricted scenarios as decision making options, and there is just one case dealing with mathematical modeling. The second group encompasses the studies which only deal with transit network design decisions. The third group covers studies that simultaneously consider various strategic and tactical decisions of UTNDP. Again, limited works are in this group. Moreover, these two groups assume that travelers can reach their destinations by using one mode and combined mode trips such as bus-metro trips and Park'n Ride trips are not considered. Indeed, there is a third group that further considers the operational decisions of RNDP and TNDP. We do not cite them here, as they fall outside the scope of this paper. 
Review of Solution Techniques to Urban Transportation Network Design Problem (UTNDP)
The solution methods mentioned in Tables 1-6 can be classified into three categories: (1) exact or mathematical methods, (2) heuristics, and (3) metaheuristics. Exact methods such as the branch and bound method, branchbacktrack based algorithms or mathematical programming techniques rely on some mathematical properties to solve the problem to at least local optimality. Although some of them such as mathematical programming techniques for solving linear and nonlinear problems can be used to solve for realistic, large networks efficiently, others for integer programming problems such as the branch and bound method is inapplicable for medium or large sized networks because of computationally inefficiency.
Heuristics are usually developed from the insight of the problem but they may not be convergence. However, they are always more efficient than the branch and bound method and can be applied to large networks.
Metaheuristics such as Simulated Annealing (SA) and Genetic Algorithm (GA) were proposed based on the analogy on the physical, chemical, or biological process. They do not require any mathematical property of the problem to solve for solutions and can be used for obtaining nearly global optimal solutions. The computation speed of these methods is much faster than exact methods for integer programming problems in general at the expense of the solution accuracy. Figure 2 summarizes the applications of some metaheuristics. This figure shows that GA and SA have been mostly used to solve UTNDP, probably because they are classical metaheuristics. Some other common methods such as Tabu Search (TS), Scatter Search (SS), Ant Colony (AC), Ant Systems (AS), and
Particle Swarm Optimization (PSO) have been used in a few studies. Also, some studies have developed hybrid (H) metaheuristics to achieve a better solution quality than non-hybrid metaheuristics. This figure also reveals that metaheuristics have been mostly applied to TNDFSP, DNDP, and MMNDP, mainly because of the presence of discrete decision variables in these problems and their non-convexity which causes computational burden if exact methods were used. As expected, the solution techniques to RNDP can be categorized into exact methods, heuristic methods and metaheuristics, since RNDP belongs to UTNDP. Exact methods such as branch and bound can be found mostly in DNDP. Examples of using such methods include LeBlanc (1975) , Chen and Alfa (1991) , Wesolowsky (1997), and Long et al. (2010) . They developed the BB algorithm to directly solve their (upper) problems. LeBlanc (1975) and Long et al. (2010) solved the 24-nodes and 76-links Sioux Falls network, and Chen and Alfa (1991) solved four networks, the largest of them being the 41-nodes and 73-links Winnipeg network. Drezner and Wesolowsky (1997) solved small and medium sized networks, the largest being a 40-nodes and 99-links randomly made network.
Some studies transformed RNDP to a single level problem and used exact methods to solve the resultant problem. For example, Gao et al. (2005) transformed DNDP to a nonlinear programming problem using support function concept and solve the nonlinear problem by existing nonlinear programming techniques. Gao et al. (2007) developed a gradient-based method for CNDP using lower-level problem's optimal-value function. Zhang and Gao Other studies directly formulated RNDP into a mathematical program with equilibrium constraints, and then exact methods to solve the resultant problem. Not many studies adopted this approach. For CNDP, Lo and Szeto (2004 , 2006 ) and Lo (2005, 2009) Szeto et al. (2010) used the branch-and-bound algorithm to the mixed-integer problem and the generalized reduced gradient based method was employed to solve the relaxed problem.
The second category is heuristics. There exists a wide variety of heuristics for RNDP and especially for CNDP.
Before applying heuristics, a number of studies of RNDP use the indirect approach, in which the proposed bi-level model is first transformed to a single level optimization model or a mathematical program with equilibrium constraints, and then the resultant model is solved. For instance, Steenbrink (1974b) approximated user optimal flows with system optimal flows and solved DNDP using iterative decomposition method. Abdulaal and LeBlanc (1979) reformulated their problem as an unconstrained optimization and solved it by a direct search method. Marcotte (1983) transformed CNDP into a single level equivalent differentiable optimization problem and solved it using a constraint accumulation algorithm. Poorzahedy and Turnquist (1982) (2008) proposed a hybrid approach to iteratively solve the two bi-level models (one for reserved capacity maximization and one for delay-minimization) and used projected quasi-Newton in part of it. Again, the sensitivity analysis based method was also incorporated to find the gradient information.
There are few studies from 1970s that developed single level models because of using system optimization for the traffic assignment, and directly solved them by using heuristic methods. For instance, Dantzig et al. (1979) developed an iterative decomposition method and Steenbrink (1974a) used iterative-optimization-assignment.
The third category of solution methods belongs to metaheuristics. In almost all of the proposed metaheuristics, the lower level problem is solved for each newly generated solution to calculate the objective function value. The application of this type of solution methods is prevalently found in DNDP and MNDP as mentioned earlier.
Therefore, many works available in the literature (as shown in Tables 2-3) rely on metaheuristics or their hybrids.
CNDP has the fewest applications of metaheuristics with few applications of SA and GA. The budget limit as the main constraint of CNDP has been considered as the penalty for the objective function by Meng and Yang (2002) and Yang and Wang (2002) in SA and by Mathew and Sharma (2009) 
In contrast, DNDP has a variety of metaheuristics and their hybrids and these solution techniques usually handle constraints directly within the algorithmic steps. For DNDP with strategic decisions, AS and its hybrids have been applied. For DNDP with tactical decisions, classical metaheuristics such as SA, GA, TS have been proposed for orientation of one-way streets and PSO has been used to solve the lane allocation problem. In DNDP with strategic and tactical decisions, a number of classical metaheuristics and two hybrid metaheuristics of GA have been developed. The construction budget in DNDP is tackled inside the algorithmic steps rather than by penalties in the objective function. For instance, Poorzahedy and Abolghasemi (2005) and Poorzahedy and Rouhani (2007) considered budget feasibility when new solutions were generated by the ants. In Miandoabchi and Farahani (2010) , budget feasibility was maintained when perturbation was performed or it was repaired when generating new solutions (e.g. by crossover operator in GA). In DNDP including tactical decisions, constraints some are related to street orientations (e.g. connectivity between OD pairs) or lanes configurations. These are either considered in the move generation phase (e.g. in SA), or are checked after generating new solutions (e.g. in GA) and the infeasible solutions are discarded. Only in lane allocation problem by Zhang and Zhao (2007) , the out of bound lane allocations resulting from solution update by PSO were repaired. 
Solution Techniques to the Transit Network Design Problem and the Transit Network Design and Frequency Setting Problem (TNDP and TNDFSP)
As in DNDP and MNDP, the NP-hard nature of TNDFSP and TNDP requires developing innovative solution methods to get nearly optimal solutions efficiently for practical sized problems. For this reason, heuristics and metaheuristics were always used and sometimes parallel computing strategies were incorporated (e.g. Agarwal and Mathew, 2004; Yu et al., 2005; Yang et al., 2007; Cipriani et al., 2010) , although not many studies were found to apply parallel computing strategies. They usually include methods to generate candidate routes using heuristic algorithms and to define the configuration of routes using heuristics or metaheuristics (e.g. Chakroborty and Dwivedi, 2002; Zhao and Zheng, 2006; Pattnaik et al., 1998; Bielli et al., 2002; Tom and Mohan, 2003; Agarwal and Mathew, 2004; Lee and Vuchic, 2005; Fan and Muchemehl, 2004; Zhao and Zeng, 2007) . Other methods construct a set of routes and then try to improve them usually by metaheuristics (e.g. Hu et al., 2005; Yang et al., 2007; Mauttone and Urquhart, 2009 ). Generation of candidate routes is usually done using shortest-path-based algorithms which add nodes or links to the route, until some sort of defined constraints for route length, travel time or etc. are violated. The configuration of routes is usually defined by selecting and improving the generated routes which is accompanied by line frequency determination where required. Assignment of passenger demand values to the network is performed at this stage. According to Kepaptsoglou and Karlaftis (2009) , the procedure for route configuration can be categorized based on the algorithms used (such as mathematical programming, iterative heuristic procedures, local search heuristics, or metaheuristic procedures), and based on whether frequencies and routes are determined sequentially or simultaneously.
Although a large collection of metaheuristic applications to these problems can be found in the literature, the applications are limited to very few numbers of classical and non-classical metaheuristics. Classical metaheuristics such as GA and SA are most prevalent among the other classical and non-classical methods such as TS and AC.
Among these four methods, GA has the most number of applications especially in TNDFSP. Further research on testing the efficiency and solution quality of metaheuristics that have not been applied to TNDP and TNDFSP can be done.
There are limited studies that employed mathematical methods for obtaining solutions. For example, Bussieck (1998) applied a relaxation, branch-and-bound method in combination with commercial solvers to obtain solutions. Wan and Lo (2003) used MIP solver in CPLEX to solve their mixed integer problem. Guan et al. (2006) employed a standard branch and bound method to solve their problem. Barra et al. (2007) applied the constraint programming technique for their problem. Although these solution methods are exact, they can normally obtain solutions for small networks.
Solution Techniques to the Multi-Modal Network Design Problem (MMNDP)
Given the relatively small body of the literature in MMNDP, the solution techniques proposed in this field are few.
In fact, to our best knowledge, only Mesbah et al. (2008) obtained exact solutions using simple enumeration for the exclusive lane allocation problem, which belong to the first group problems. Almost all of the studies in the second and third group of MMNDP, which includes various combinations of UTNDP decisions, developed metaheuristics to solve the problem. This is because the high complexity arising from the problem structure. The only exception is Szeto et al. (2010) which applied a generalized reduced gradient method together with the branch-and-bound algorithm.
A wide variety of metaheuristics such as SA, TS, GA, and non-classical hybrid metaheuristics such as hybrids of SA with PSO, clonal selection algorithm and harmony search have been proposed to solve the problems. For example, Miandoabchi et al. (2011a; 2011b) applied SA as an improvement heuristic to the new solutions generated by PSO, clonal selection algorithm and harmony search. In other multi-modal network design problems, the values of non-topological decision variables such as signal timings or bus line frequencies are determined after a new solution is generated by the metaheuristics. In such problems, the values of these variables are obtained after solving the lower level problem to calculate the value of the objective function (e.g. Beltran et al., 2009 ). However, parallel computing strategies have not been implemented.
Solution Techniques to Lower-Level Problems
The lower-level problems in RNDP are always in the form of pure traffic assignment problem. The most prevalent forms of traffic assignment in these problems are the DUE assignment with SUE and AON assignments as the other forms. These lower level problems are often solved many times in some solution methods such as metaheuristics, and hence the computation burden of the overall solution method can be due to solving these problems too often.
The most common method to solve DUE assignment in the literature is the convex-combination method (the Frank-Wolfe (1956 ) method) and its variants. Few different solution methods can be found such as the method of successive averages based on the flow averaging proposed by Powell and Sheffi (1982) or cost averaging proposed by . The most common algorithm applied in the literature to solve the SUE problem is the Method of Successive Averages (MSA) (e.g. Chen and Alfa, 1991; Zhang and Gao, 2007; Gallo et al., 2010; Long et al., 2010) based on flow averaging.
Transit assignment in TNDP and TNDFSP is mostly based on uncongested transit assignment which is considered as constraints of mathematical models (if any) or in computation steps of the algorithms. In such assignment problems, concepts of shortest path assignment are used. Transit assignment models with the hyperpath concept of Spiess and Florian (1989) are absent in TNDP and can scarcely be found in TNDFSP. For instance, Cipriani et al. (2010) solved a TNDFSP considering the concept of hyperpath. Although they did not mention how to solve the transit assignment model, it is believed that they adopted Spiess and Florian' solution strategy.
In MMNDP, the modal-split and trip assignment problem is solved using variant approaches. Some used simulation software packages such as NETSIM (Seo et al., 2005) and VISSIM (Elshafei et al., 2006 ) to solve the lower-level problem. The others considered mode split and assignment in separate steps. solved the mode split problem, then equilibrium traffic assignment and considered fixed travel times for transit network. Mesbah et al. (2009) solved the mode split problem, traffic assignment and transit assignment in iterative steps until convergence was met, and Beltran et al. (2009) solved the mode split and equilibrium traffic and transit assignment problems in two iterations. Transit assignment was solved using the hyperpath approach.
Moreover, some studies used logit formula for mode split, and then solved the assignment problems for one or all modes. The others considered the joint mode split and traffic assignment problem. Li and Ju (2009) proposed a heuristic algorithm, and Miandoabchi et al. (2011) used the diagonalization algorithm to solve their joint problem.
Conclusions for Solution Techniques to UTNDP
From the investigation of solution techniques, many conclusions on metaheuristics can be drawn. For example, it can be concluded that most metaheuristic techniques developed for UTNDP belong to the category of classic metaheuristics. Although a number of studies attempted to use some newer techniques, none of them have explored the application of the more recent metaheuristics in UTNDP. Furthermore, even though some versions of hybrid metaheuristics have been proposed for many other problems, no such applications are present in CNDP, and only one such study can be found in TNDFSP. Another point is that, most proposed metaheuristics in UTNDP are of conventional type, and very few of them have used parallelizing strategies to improve the computational efficiency.
Similarly, multi-objective type metaheuristics are rarely used in UTNDP and most studies have used the conventional weighted-sum approach to obtain a single objective function and then applied single objective type metaheuristics to obtain solutions. Another observation from the literature is that, the branch and bound algorithm and metaheuristics have been used separately from each other and no attempt has been made to combine them.
Finally, the above discussions suggest that most efforts to solve UNTDP are directed towards metaheuristic methods and little attention has been devoted to non-metaheuristics.
In addition, two points can be addressed about solution techniques for the lower-level problem. One point is that the studies that used SUE or transit assignment mostly rely on method of successive averages which is not fast enough to solve such problems. Another point is that nearly all studies have used the conventional algorithm to solve the lower level problem, which is the most important source of computational effort. No study has attempted to speed up the solution process of lower level problems using other approaches, other than solving every single lower level problem.
Lastly, we find that that descent search methods, such as SAB which are prevalent in RNDP, have not been used in TNDSP and MMNDP. This observation together with conclusions for metaheuristics and solution methods for the lower-level problem give us hints on the future research directions.
Applications in real-world case studies
In this section, some real-world case studies in the literature of UTNDP are reviewed. The aim is to provide information about real world examples solved in the studies and give insight about the size of the networks for each problem catalogues to be handled in the future. As UTNDP is a practical problem, some studies have applied their developed models to design realistic city networks. Table 7 summarizes the real world networks studied in RNDP publications. The city names, countries, and numbers of nodes and links of the networks are reported if they can be found in the publications. Tables 8 and 9 summarize real-world case studied in TNDP, TNDFSP, and MMNDP, including city names, countries, and attributes of the basic network of infrastructures for designing public transit networks. As we can see, the size of the network varies substantially from study to study even under the same problem catalogue, probably because the scope of the study varies from one to another. Some requires more nodes to cover more locations or larger areas but some do not.
When we compared the number of papers with case studies with those without as shown in Tables 1-6, Zhao (2006) Miami-Dade County, USA 4,300 street segments, and 2,804 nodes 120,000 OD pairs Pacheco et al. (2009) Burgos, Spain 382 bus stops Szeto and Wu (2011) Tin Shui Wai, Hong Kong, China 23 nodes (zones), and 28 bus stops 6. An Overview to the Literature of UTNDP The literature of UTNDP can be dated back to the second decade of 20 th century, when modern cities started to emerge and their design issues and the related complexities gradually grew over time. RNDP proposed in 1970 and 80s focused on both continuous and discrete decisions for street expansion or construction. The complexity of the bi-level model led to the use of SO concept in the design model, resulting in a single level model, and the resultant model was solved by branch and bound methods and heuristics that didn't rely on derivatives. In the 70s both DNDP and CNDP were researched, but later CNDP became more common since it was easier to solve. In the 1980s, following the trend in using derivative based heuristic methods and their applicability to bi-level models, the use of SO concept in CNDP and DNDP became nearly abandoned and the concept of DUE was incorporated into CNDP and DNDP. In 1990s orientation of one-way streets was proposed which further increased the complexity of DNDP. This led to the use of newly emerged metaheuristic methods at that time such as simulated annealing. On the other hand, the studies of CNDP commonly used descent search methods and simulated annealing to obtain solutions.
The availability of various metaheuristics and the development of computing technology in the 2000s resulted in the increased number of DNDP with variant decisions which was solved by metaheuristics. In the late 2000s, lane allocation in two-way streets and turning restrictions at intersections were proposed as new decisions. Heuristic methods were not applied for solving DNDP in 2000s, except for a new street construction problem which possessed specific attributes that made it possible to be solved by such a method. Also, a branch and bound method was used for solving the turning restriction design problem, which belongs to DNDP. Inclusion of movement direction decisions such as street orientation leads to new problems and applications of metaheuristics. SUE traffic assignment was used in the lower level problem of DNDP in limited number of studies since it increased the computation complexity of the bi-level problem by introducing more paths than DUE traffic assignment. SUE traffic assignment has been considered in 3 studies in the late 2000s in which used metaheuristics to solve for solutions.
A separate line of RNDP was proposed in 2000s based on the decision making over a time horizon. This line does not restrict the choice of design variables but increases the complexity of the problem since the user equilibrium problem in each time period have to be considered simultaneously.
The first study of MNDP was proposed in 90s, while it was not studied until the mid 2000s. These studies used various combinations of decisions and nearly all of them were solved by metaheuristics because of their high degree of complexity.
Unlike RNDP, TNDP and TNDFSP have such a high complexity that exact methods or local search heuristics have rarely been applied on them. These problems have been studied since 1920s. Researchers seem to be more interested in TNDFSP than TNDP, probably because transit network configuration with frequency setting is more realistic. The number of TNDFSP studied in the 2000s is almost 1.6 times of that of TNDP. In conclusion, the development trends in UTNDP are related to the development of computer technology, the cumulative knowledge on the solution methods and travel behavior, and the hot policies topic at that time. In the past, the computer technology was limited so big problems could not be solved quickly or exactly by the computer.
Therefore, to solve for solutions at that time, highly simplified design problems were considered. Very often, linear functions and continuous variables were used as an approximation of the nonlinear and discrete variables and a single-level transit network design problem was studied with the consideration of a simplified passenger choice behavior. With development of new solution methods such as branch-and-cut method and metaheuristics and the advanced of computer technology, more design problems includes integer decision variables could be solved efficiently for at least nearly optimal solutions, and the approximation of continuous variables by discrete variables may not be necessarily. Moreover, the problem to be solved became bigger and bigger and more design decisions can be simultaneously incorporated in the design problem.
As time goes, more understanding on the travel behavior is obtained and more realistic travel behavior was included in the lower level problem. Hence, the design problems became more complicated but could still be solved efficiently due to the improvement of computer technology and solution methods. Furthermore, the hot policy discussion in the past leads to new design problems or at least new objective functions and constraints. From the above discussion, it seems that the existing network design studies try to find a balance between the computer technology available, cumulative knowledge on the solution methods and travel behavior, and the hot policy topic at that time.
Outlook
After reviewing major publications of UTNDP, we realized that there are some gaps in the literature, which need more studies. This section proposes future directions that are believed to be able to lead to essential improvements over the existing literature because the suggested directions are related to two major needs: First, the need to define problems that are more realistic in terms of policy (or design) requirement and travelers' behavior. Second, the need for more efficient solution methods after taking into account the development and the limitations of computing technology, and the applicability of solution methods in practice.
In the following, we have categorized our future suggestions for each problem type and for solution methods separately. This categorization reflects the three axes of UTNDP, namely policy discussions in the upper level problems (problem approach, decision types, objective functions, etc.), lower level problems and solution methods (for the whole problem and for lower level problems). The future research suggestions are summarized in Table 10 and elaborated in Sections 7.1-7.4. Objective functions and constraints  Most studies of CNDP and DNDP have only one objective and very often the objective is related to travel time.
This implies that much emphasis is on congestion. Moreover, there is only one research in MNDP that considers CO emissions minimization as one of the problem objective functions.
Environmental objectives should be considered in these problems since there are usually tradeoffs between different objectives and the environmental impact is one of the hot topics nowadays. Optimizing one objective is at the expense of the others. Moreover, the impacts of emissions on health and global warming have been received attention recently. Hence, more studies of RNDP with environmental concerns can be proposed and studied in the future.
 Minimization of total travel time/cost is the most prevalent form of objective function in RNDPs. This objective accounts for the aggregate network congestion, and this may lead to unbalanced congestion levels throughout the network and hence some OD pairs can be benefited more than the others in terms of travel time. Using equity measures in the objective function can ensure more equitable benefit to be introduced to each OD pair.
 Most studies in RNDP only consider travel times in street segments, and ignore the delays incurred at intersections (e.g. signalized or priority related intersections). Intersection delays may significantly contribute to the trip time. Inclusion of intersection delays in the objective function can lead to more realistic travel times.
However, there are only few related studies in DNDP and MNDP. For example, Lee and Yang (1994) considered intersection delay for the street orientation network design problem; and Gallo et al. (2010) included signal setting in the network design decisions. Intersection delays can be included in other CNDPs and DNDPs.
 Nearly all RNDPs adopted the deterministic modeling. However, travel demands or link capacities are stochastic in nature. Robustness and reliability in transportation networks thus drew attention. Nevertheless, up to now, only few studies incorporated these dimensions in UTNDPs. For example, considered robustness in the objective function, and Dimitriou et al. (2008b) developed CNDP with travel time reliability constraints. These two concepts can be adopted for other problems in RNDP.
Decisions  As shown in this review, network topology decisions are seldom considered with operational decisions such as signal setting simultaneously. Indeed, traffic signal setting has the strongest relevancy with network configuration decisions, as the network topology directly affects the flow pattern and the conflict points at intersections. Although traffic signal setting problem has been studied extensively and it has a relatively large body of literature (e.g. Cantarella et al., 1991; Meneguzzer, 1995; Wong and Yang, 1999; Wey, 2000; Cascetta et al., 2006) , not many network design papers considered both signal setting and network topology decisions.
Hence, more works can be done in this direction in the future. Similar conclusions applied to other operational decisions such as road pricing and scheduling of repairs of urban streets.
Demand  For DNDP, elastic demand can be studied in the future given that no studies can be found on this so far.
Lower-level problems  Although the Stochastic User Equilibrium (SUE) problem has been used in several DNDPs, its application in CNDPs is limited to only very few studies (e.g., Davis, 1994; Long et al., 2010) . Its application in CNDPs can provide more realistic behavior of the users in these problems.
 In almost all user equilibrium problems are considered with single class users only. While multiclass-user equilibrium problems have been discussed in many studies, they have been rarely applied in RNDPs. The inclusion of multiple user classes is a possible extension.
 All RNDPs in this review considered traffic assignment or its time-dependent extension in the lower level problem. These traffic assignment problems assume that the traffic condition is in a steady state, in which the traffic condition does not vary with time. Hence, they are not suitable to analyze the traffic congestion effect at the fine-grained temporal level. To examine this effect, it is more appropriate to adopt Dynamic Traffic Assignment (DTA). This problem can provide a higher degree of realism and capture changing traffic conditions. It is also essential for designing dynamic tolls, since they are changing with traffic conditions.
However, most of the existing UTNDPs rarely capture DTA in the lower level problem and very few studies did capture it. Hence, more research can be done in this direction.
Future Research for Transit Network and Transit Network Design and Frequency Setting Problem (TNDP and TNDFSP)
Objective functions  Similar to RNDP, environmental objectives are largely ignored in these problems. More focus can be put on addressing the environmental cost in this field.
Decisions
 The time-dependent approach mentioned in Section 3.1.3 has not been considered in TNDSP, which also involve long-term, strategic decisions. Therefore, one future direction can be to develop time-dependent models for TNDP and TNDFSP. However, this adds to the complexity of the problem and needs fast and efficient solution procedures to handle this.
Lower-level problems  Most existing studies of TNDP or TNDFSP assume simplified passengers' line choice behavior when designing transit routes. This can lead to a single level TNDSP, which is easier to solve but not too realistic.
For those studies with the consideration of transit passengers' behavior, they usually adopt classic assumptions for boarding and alighting, and ignore the effect of advanced passenger information system, real time transit information, and seat availability on their choice. More realistic passenger's behavior should be captured in this field in the future.
Future Research for Multi-Modal Network Design Problem (MMNDP)
Decisions  The time-dependent approach for MMNDP has not been considered and can be a future extension for this field.
However, it adds to the complexity of the problem.
Multi-modality  As previously mentioned, the issue of multi-modality has been largely ignored in road and transit network design problems. In fact, the literature of MMNDP is very limited, while a number of future directions are possible in this field by extending the single mode problems to include various forms of multi-modality.
 Multimodality with no interaction between flows of different modes: In RNDP, public transit modes such as buses in exclusive lanes, trams, or metro can be considered such that they have no effects on vehicle flows on roads. The demand shares will vary as road network configuration changes and consequently disutility levels of modes compared to each other will change. The existence of private and public transit modes in the problem can imply the multi-objective nature of the problem because of the existence of different objectives that can be related to individual modes, all travelers, community, etc. The only two existing studies in this field are for multi-objective signal setting and one-way street orientation problem with a fixed travel time bus network, and Szeto et al. (2010)  Multimodality with interaction between flows of different modes: In an existing fixed bus network that shares the same roads with other vehicles, the road network improvement decisions must take into account the restrictions caused by the bus network, the changes in mode demand shares, and both bus and non-bus travel times. Different objective functions and various constraints are required in these problems to consider multiple performance criteria such as the demand share of each mode, total user benefit, travel cost by bus mode, etc.
 Multimodality with interrelations between flows of different modes and in decisions: Although this issue has been recently studied by some researchers (e.g., Miandoabchi et al., 2011a, b) , more new problems can be proposed along this direction. For example, the turn-restriction problem (Long et al., 2009 ) has been proposed but the impact of turn-restrictions on transit routes has been ignored. One new problem can be to simultaneously design the turn restrictions and transit routes. Besides, the previous studies only consider changes in the routes of existing bus lines between terminal stations. Another extension can be designing the whole bus network in combination with various RNDP and MMNDP decisions.
Inter-modal Connectivity  MMNDP traditionally assumes single mode trips and ignore the possibility of combined mode trips such as Park'n Ride. Combined mode trips (i.e. multi-modal trips) indeed arise the inter-modal connection issue. This has been considered in the literature for some operational level decisions such as pricing, but no network topology design problem has yet considered this. In such problems, an important issue for travelers is to be able to transfer conveniently from one mode to another to finish their trips. This means that the network of each transit mode must be connected in the best way to provide an integrated and connected public transit network. This integration can only become possible under the condition that when designing the transit network of one mode, the locations of transit stops of other modes are explicitly considered. Another extension would be an RNDP that considers an existing metro network (for car-metro travels) and accounts for the allocation of parking spaces in the proximity of metro stations, such that travelers can access the metro network by their cars in the most convenient way.
Lower-level problems  The adoption of combined trip concept for inter-modal connectivity problems also sets new requirements for the lower level problem to be used. One requirement is to capture transfer penalty in the behavior principle used within the lower level problem, since some travelers weigh transfer penalty heavily and they do not just select a combination of modes based on the out-of-pocket cost. Whether a transfer involving long walking time, long waiting time and walking uphill or going up stairs are important considerations from the travelers'
perspective. The transfer penalty may not be additive because having two transfers can be weighed more than double than having one transfer. Hence, developing a realistic travel choice principle that can capture transfer penalty and how to model transfer penalty in the lower level network are two future research directions.
 Another requirement is to model the waiting time accurately since travelers often need to wait at transit stops when they transfer from one mode to another. In reality, the waiting time varies from time to time due to different service frequency of various public transit modes and time-varying road congestion. However, in the literature, most of them only capture expected waiting time in the lower level problem since the micro-grained temporal level is not considered. Hence, one future research direction is to develop a methodology to determine waiting time at transfer locations over time while taking into account both public and private modes.
Future Research for Solution Techniques
Metaheuristics  The metaheuristics shown in Figure 2 are actually those classic or well-known metaheuristics that have also been applied to other problems. It is observed that genetic algorithm and simulated annealing are the most prevalent metaheuristics among the others. Furthermore, applications of a number of recently developed methods such as artificial bee colony, swarm particle optimization, harmonic search, and clonal selection algorithm can be found in some studies. Although genetic algorithm has been proved to give better results than other algorithms in several studies, it is not clear whether other recently developed metaheuristics can outperform it. Instances of such algorithms are differential evolution method, firefly algorithm, cuckoo search, artificial immune systems, and generalized evolutionary walk algorithm (Gendreau and Potivn, 2010; Koziel and Yang, 2011; Yang, 2011) . Therefore, one future direction can be to compare the performance of recently developed heuristics with genetic algorithm and the most commonly used algorithms to solve UTNDP.  Computational complexity of many classes of UTNDP is a major barrier of efficiency of conventional metaheuristics. Parallelizing strategies and distributed computing can improve the efficiency but there are few applications in TNDP and TNDFSP (e.g. Agarwal and Mathew, 2004; Yu et al., 2005; Yang et al., 2007; Cipriani et al., 2010) and have never considered in RNDP and MMNDP to the best of our knowledge. Hence the incorporation of these considerations into solution algorithms is definitely one future direction.
 Most studies of TNDSP and most multi-objective analyses of RNDP consider more than one objective but the resultant problems are usually formulated as a single objective problem using a weighted sum objective function. This approach can actually simplify the problem but we need to predetermine the weight for each objective function. Consequently, this method precludes some Pareto solutions. Alternatively, we can avoid presetting the weight and solve the multi-objective problem directly using existing multi-objective metaheuristics to determine the Pareto frontier and the modeler can then determine the best solution in the frontier. This alternative is rarely considered in TNDSP and should be considered in the future.
Hybrid methods and non-metaheuristics  For UTNDP with discrete variables, it was usually solved by metaheuristics or the branch and bound method.
Metaheuristics can give nearly optimal solutions quickly whereas the branch and bound method can be global optimal solutions at the expensive of computation time. To make a good tradeoff between solution speed and quality, one can be developed a hybrid of the branch and bound method and metaheuristics, where the metaheuristics are used to find good upper and lower bounds whereas the branch and bound method is used to check for global optimality.
 SAB heuristic has been used for finding descent directions of RNDP but the heuristic has rarely extended and applied to solve TNDSP or MMNDP with a bi-level structure, probably because there are few TNDSPs or MMNDPs with a bi-level structure. Incorporating SAB heuristic into TNDSP and MMNDP can surely speed up the computation process and is one potential research direction. Other speeding up strategies should also be considered.
 As reflected in Section 4.1, most of studies of RNDP are directed towards finding more efficient nonmetaheuristic solution methods for continuous variable problems. There are few works which has attempted to develop efficient non-metaheuristic solution procedures to solve discrete variable problems. It seems that more effort can be put on developing faster and better heuristics for RNDP.
Solution procedures for lower level problems  When solving the SUE problem or the transit assignment problem in UTNDP, current methods rely on the method of successive averages, which has a slow convergence rate. To speed up the computation process, one can employ newly developed self-regulated method proposed by Liu et al. (2009) . This method can be integrated with existing solution methods for solving bi-level UTNDP.
 Solving the lower-level problem is often the major source of the computational burden in UTNDP. This can be done by devising faster solution methods, or by incorporating approximation methods such as neural networks (as proposed by ) to obtain the travel time and flow values.
